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Abstract 
The sustainability of conventional water- and energy-associated systems is being examined in 
terms of water–energy nexus. This study presents a high-efficiency, off-grid solar desalination 
system for saline water (salinity 10 and 36 g L−1) that accompanies electrocatalytic oxidations 
of chloride and, consequently, urine via oxidized chlorine species, while concomitantly 
producing formate from captured CO2. A variable number of desalination cell arrays is placed 
between a double-layered nanoparticulate titania electrocatalyst (Ti/IrxTa1−xOy/nano-TiO2; 
denoted as n-TEC) anode and a porous dendrite Bi cathode. A potential bias to the n-TEC and 
Bi pair initiates the transport of chloride and sodium ions in the saline water to the anode and 
cathode cells, respectively, at an ion transport efficiency of ~100% and a specific energy 
consumption of ~1.9 kWh m−3. During the desalination, the n-TEC anode catalyzes the 
conversion of the transported chloride into reactive chlorine species, which in turn mediate the 
decomposition of urine in the anode cell. Concurrent with the anodic process, formate is 
continuously produced at a Faradaic efficiency of >95% from the CO2 captured in the catholyte. 
When a photovoltaic cell (power conversion efficiency of ~18%) is coupled to the stack device 
with five desalination cells, the three independent processes synergistically proceed at a 
maximum overall solar-to-desalination system efficiency ~16% and a maximum solar-to-
formate chemical energy conversion efficiency of ~7%.  
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Introduction 
 Coastal areas have long been favored as an ideal location for residences and energy 
production. Currently, 90% of the world’s urban areas are coastal, and 68% of the world’s 
population has been predicted to live in an urban area by 2050.1 The sustainability of urban 
areas is essentially based on the secure availability of water and energy. Ironically, most 
thermochemical power plants (a representative “not in my backyard” facility) are located in 
coastal areas as well because of the availability of seawater as a heat-exchanging medium. 
Coal-fired power plants require a large quantity of seawater (e.g., ~40 tons per second for 1 
GW-level power generation) while discharging wastewater and emitting more than 1 kg of CO2 
per kWh.2 The sustainability of these systems is being examined in terms of water–energy 
nexus.3-4 The present study shows that such sustainability can be partially achieved by a novel 
hybrid off-grid electrocatalytic solar desalination system accompanying the oxidation of 
desalted chloride for the remediation of wastewater and the conversion of captured CO2 to 
carbon-neutral, valued-added chemicals (Scheme 1). 
Electrocatalytic systems are effective for the direct production of reactive intermediate 
species (e.g., OH and O3) and stabilized chemicals (e.g., H2 and H2O2) via oxidation and 
reduction reactions, respectively.5-6 The coupling of the redox reactions has been shown to 
work synergistically with renewable electrical grids (i.e., photovoltaic systems) for operation 
of the overall process.7 Given that most water contains chlorides (>0.3 mM), the chloride 
oxidation reaction (COR) competes with the water oxidation reaction (E(Cl2/Cl−) = 1.36 V; 
E(O2/H2O) = 1.23 V; E(OH/H2O) = 2.7 V) and produces reactive chlorine species (RCSs) 
such as Cl, Cl2−, and HClO/ClO−.8-10 RCSs are powerful oxidants,11 diffusing well into bulk 
and enabling homogeneous reactions without presorption onto substrates.12-13 Despite this 
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uniqueness, the effects of RCSs become relevant when the chloride concentration is sufficiently 
high (typically, >5 mM).14-17 Brackish water and seawater can be considered as vast chloride 
supplies (salinities of 1–10 g L−1 and 36 g L−1, respectively) and can therefore be used for RCS-
mediated electrocatalysis. 
With this possibility in mind, we have recently demonstrated a proof-of-concept-level 
solar desalination system with semiconductor photoanodes (TiO2 and WO3) and Pt cathodes 
for RCS-mediated water treatment and H2 production, respectively, while desalting saline and 
seawater.14 Despite a successful demonstration, the system has several limits associated with 
materials (e.g., the theoretically low photoconversion efficiency of wide-bandgap 
semiconductors18-19 and structurally ineffective sunlight utilization with vertically standing 
photoanodes) and electrolytes (e.g., the pH between the anolyte and catholyte build up during 
the desalination and electrochemical reaction). Consequently, the specific energy consumption 
(SEC) of the system was 4.4 kWh m−3 for 50% desalination, whereas the energy recovery was 
as low as ~0.8 kWh m−3.14 
To overcome such challenges, we here present our design of a photovoltaics-coupled, 
electrocatalytic desalination cell-stack system that i) desalinates saline water and seawater in 
flow-type desalination cells, ii) carries out electrocatalytic COR with concomitant remediation 
of water with human urine, and iii) captures CO2 and simultaneously converts it into formate 
(Scheme 1). Urea and urine were chosen as model substrates; urea is the largest component of 
urines (~0.33 M),20 which are discharged in quantities of 240 million tons per day.17 The 
concentration of chloride in human urine is typically ~170 mM.20 In addition, formic acid and 
its salts are the most cost-efficient ($0.4 kWh−1 for formate vs. $0.035 kWh−1 for methanol)21 
among CO2 conversion liquid products and are much easier to store and transport than gaseous 
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products. They are widely used in preservatives, the rubber and leather industries, and the 
dyeing and finishing of textiles, reaching a global market of ~$880 million in 2027. For the 
COR, we synthesized double-layered oxide electrodes composed of an Ir and Ta mixed oxide 
underlayer and a nanoparticulate TiO2 overlayer (denoted as n-TEC).16,22 For the CO2 reduction 
reaction (CO2RR), a porous Bi foam was synthesized via electrodeposition. There are several 
electrocatalyts for CO2RR,23-25 and Bi is considered the most suitable due to its high selectivity 
for formate production. Other cathodic reactions (e.g., the production of H2 and H2O2) can be 
considered; however, a high pH (>12) during electrocatalysis is not desirable for such reactions 
(Faradaic efficiency of ~50%). We used the catholyte as a solvent for CO2 capture and 
successfully converted the captured CO2 into formate with a Faradaic efficiency of >95% at 
circum-neutral pH (6.57).  
 
Experimental 
Synthesis and Characterization of Electrodes 
Double-layered electrocatalytic oxides deposited onto Ti substrates (Nanopac, Korea) 
were synthesized following a typical coating–annealing process published elsewhere.8,16,22 In 
brief, Ti substrates (~2 mm thick) were coated with Ir and Ta at a molar ratio of 0.73/0.27 
followed by annealing at ~500 C for 1 h. Then, TiO2 nanoparticles synthesized via a typical 
sol–gel process were sprayed onto the material as an overcoat, which was then calcined at 450 
C for 5 h. Our previous studies on the these materials showed that the underlayer is essential 
for ohmic contact and durability22 and that the TiO2 overcoat required metal dopants (e.g., Bi, 
Nb, or Sb) for electrocatalysis.26 However, a further study revealed that dopant-free TiO2 
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exhibited essentially the same performance as the doped one.16,27 As-synthesized double-
layered nanoparticulate TiO2 electrocatalysts (Ti/IrxTa1−xOy/TiO2; denoted n-TEC) were 
characterized by X-ray photoelectron spectroscopy (XPS, Quantera SXM, ULVAC-PHI) and 
X-ray diffraction (XRD, D/Max-2500, Rigaku) to examine their elemental composition and 
crystalline structures, respectively. The morphology of the samples was examined by field-
emission scanning electron microscopy (FE-SEM, S-4800, Hitachi). In addition, field-emission 
electron probe microanalysis (EPMA, JXA8530F(5CH), JEOL) was used to estimate the 
composition and thickness of each layer. Porous Bi foam electrodes were synthesized on Cu 
substrates (Alfa Aesar, 99.9%, 0.254 mm thick) via electrodeposition. Prior to Bi deposition, 
the Cu substrates were polished with sandpaper (Chayoung, P220) and rinsed with ethanol 
(Duksan, 99.5%) and deionized water (18 M cm, Human Corp.) followed by sonication in an 
ultrasonic bath (UC-10, Jeiotech) with HCl (Junse, 35–37%) for 5 min. They were then 
immersed into aqueous solutions of Bi(NO3)3·5H2O (0.1 M, Junsei, 98%) and H2SO4 (Duksan, 
95%), to which a constant current density of 5 A cm−2 was applied for 5 s from a DC power 
supply (Agilent E3633A). 
 
Electrocatalysis and Chemical Analysis 
 The electrochemical behavior and electrocatalytic performance of as-synthesized 
electrodes (n-TEC or Bi foam; working electrode, 1 × 1 cm2) was examined using a typical 
three-electrode configuration with a saturated calomel electrode (SCE, reference electrode) and 
Pt foil (counter electrode) in air-equilibrated aqueous electrolytes of NaCl and NaClO4 for n-
TEC- and CO2-equilibrated aqueous solutions (NaOH with and without K2SO4) for Bi foam. 
The three electrodes were placed in a customized, single-compartment Teflon reactor. Linear 
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sweep voltammograms (LSVs) were obtained at a scan rate of 5 mV s−1 using a 
potentiostat/galvanostat (Ivium). If necessary, the Pt counter electrode was separated from the 
working electrodes in two-compartment reactors separated with proton exchange membranes 
(Nafion 117, Chemours). For bulk electrolysis for the decomposition of urea (CH4N2O, Junsei) 
and CO2 conversion, the n-TEC and Bi foam electrodes were biased at constant potentials of 
1.5–1.9 VSCE and −1.5 VSCE, respectively. 
 Desalination-coupled electrocatalysis hybrid reactors were designed (Scheme 1). In a 
three-cell (batch-type) stack with a basic unit configuration (Scheme 1a), each n-TEC and Bi 
was placed in the anode cell (AN) with aqueous urea (2 mM, anolyte) and in the cathode cell 
(CA) with K2SO4 (2 mM, Sigma-Aldrich, 30 mL, catholyte), respectively. The middle cell (i.e., 
the desalination cell, DS) was filled with saline water (NaCl 0.171 M or 10 g L−1, 20 mL). The 
anode cell and desalination cell were separated by an anion-exchange membrane (AEM, AMI-
7001S, Membrane International), and the desalination cell and cathode cell were separated by 
a cation-exchange membrane (CEM, CMI-7000s, Membrane International). In addition, a 
flow-type stack reactor in which the number of desalination cells could be varied was fabricated 
(Scheme 1b). In this expandable stack device, the anode cell and cathode cell were the same 
as in the batch-type stack, whereas the number of desalination cells containing saline water 
(NaCl 10 g L−1) or seawater (salinity 36 g L−1) varied between 1 and 5. The desalination cells 
were connected to each other, and the saline water (total 40 mL) was circulated through the 
cells at a flow rate of 5 mL min−1. The cells between each two desalination cells were filled 
with the same saline water (40 mL) that was circulated among the cells. As the desalination 
proceeded, salts were gradually accumulated in these cells (hereafter denoted as concentration 
cells, CNs). The overall process was operated by a DC power supply (E3647A, Keysight 
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Technologies) connected to the anode and cathode pair. For off-grid processes, the 
anode/cathode pair in the stack device with five desalination cells was coupled to a 
monocrystalline Si photovoltaic array (area of 1.75 cm2; JSC of ~6.23 mA cm−2; VOC of ~4.3 V; 
fill factor of ~67%; power conversion efficiency of ~18%; M4030-4V, Minisolar) under 
simulated sunlight (AM 1.5G, 100 mW cm−2, ABET Tech). Three different PV-coupled 
electrocatalyses were performed: (Case A) n-TEC anode with 2 mM urea / NaCl 10 g L−1 / Bi 
cathode with 2 mM K2SO4; (Case B) n-TEC anode with urine / seawater (36 g L−1) / Bi cathode 
with 2 mM K2SO4; (Case C) n-TEC anode with urine / seawater (36 g L−1) / Bi cathode with 
0.1 M K2SO4 (purged with CO2). This study used artificial urine and seawater. The urine was 
synthesized with 0.33 M urea, 5.92 mM creatinine, 33.5 mM NaCl, and 19.2 mM KCl 
according to the literature28 and was subsequently diluted tenfold; the seawater was prepared 
with a product from Instant Ocean® (36 g L−1). 
During electrocatalysis, aliquots in the anode cell were intermittently sampled and 
quantitatively analyzed for urea. Details of the analytical method for urea are available 
elsewhere.14 The concentrations of free chlorine and total chlorine (i.e., free chlorine plus 
combined chlorine) were determined with N,N-diethyl-p-phenylenediamine (DPD) reagent 
(Hach methods 10101 and 10102). The total organic carbon (TOC) of the anolyte was estimated 
using a TOC analyzer (TOC-L, Shimadzu). Other anions (Cl− and NO3−) and cations (Na+ and 
NH4+) were analyzed using ion chromatographs (IC, Thermo Scientific, DIONEX ICS-1100), 
as described elsewhere.14 Formate was quantified using a high-performance liquid 
chromatograph (Young Lin 9100) equipped with a C18 inverse column (4.6 mm × 150 mm, 
Thermo); details of the analysis method are available elsewhere.24,29-30 
The Faradaic efficiency (FE), specific energy consumption (SEC, either for 50% 
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desalination or for conductivity of 500 S cm−1), ion transport efficiency (ITE), and solar-to-
desalination (STD) system efficiency were estimated by the following equations: 
FE (%) = (Amount of formate × 2F) × 100% / (I × t)    (1) 
SEC (kWh m−3) = E × I × t / (saline water volume)    (2) 
ITE (%) = (Amount of transported monovalent ion) / (I × t)  (3) 
STD (%) = E × I × 100% / (100 mW cm−2 × PV area)   (4) 
where F, E, I, and t are the Faraday constant (96,485 C mol−1), operating voltage (V), operating 
current (mA), and time (s), respectively. Finally, the solar-to-formate energy conversion 
efficiency was estimated on the basis of the reaction Gibbs energy (rG°, 295.46 kJ mol−1) 
assuming the overall reaction of the COR and the CO2RR (see Supporting Information). 
 
Results and Discussion 
Electrocatalytic Activities of n-TEC and Bi Electrodes 
 The XRD patterns of the as-synthesized n-TEC samples show a mixed crystalline 
structure of TiO2 (anatase : rutile = 82 : 18) and IrO2 (101). No evidence for tantalum oxides 
was found in either the XRD or the XPS analysis (Figure S1 and S2 in Supporting Information). 
These weak or absent signals of Ir and Ta are attributed to low Ta and Ir contents (XPS detection 
limit 0.1–1 at%) and/or to the thick TiO2 overlayer limiting beam penetration (typically ~10 
nm) to the IrxTa1−xOy underlayer. The cross-sectional SEM image clearly shows a ~1 m-thick 
interfacial, waved layer within the n-TEC, whereas the top surface in the 6–8 m-thick upper 
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region was uniform (Figure 1a inset and S1). The EPMA analysis further revealed that the 
bottom region was nearly 100% Ti, whereas the upper region was constituted primarily by Ti 
and O, indicating that a crystalline TiO2 layer was formed on the Ti substrate. By contrast, Ir, 
Ta, and O were found only in the interfacial region; Ir was rather uniform, whereas Ta was 
localized, likely because of its low concentration. The waving Ir and Ta distributions were 
attributed to the nonuniform Ti substrate surface. The absence of Ir and Ta in the upper region 
suggests that they did not intrude into the TiO2 overlayer during the calcination stage. 
The LSVs of the as-synthesized n-TEC electrodes in aqueous sodium chloride (NaCl) 
and sodium perchlorate (NaClO4) solutions were compared (Figure 1a). No obvious urea effect 
on the LSVs was observed in either electrolyte (Figure S3), indicating insignificant interaction 
(i.e., adsorption) of urea with the electrode. Nevertheless, the urea bulk electrolysis was 
obviously affected by the electrolyte (Figure 1b and S4). In NaClO4, urea was not decomposed 
at E = 1.5 VSCE for 6 h despite a stable current density of ~1.5 mA cm−2 (Figure S3 inset). By 
contrast, urea was decomposed in a reaction with pseudo-first-order kinetics (Ct = C0ekt, where 
k is the rate constant and t is time), with k value of 1.6 h−1 in NaCl at E = 1.5 VSCE, which were 
4.8 and 2 times greater than those at E = 1.7 and 1.9 VSCE in NaClO4, respectively. Assuming 
that the urea undergoes a one-electron oxidation reaction, the Columbic efficiency (i.e., k/I) 
with NaCl is 0.33 C−1 at 1.5 V, which is ~12 and 7 times greater than those with NaClO4 at 1.7 
and 1.9 VSCE, respectively. This chloride-enhanced kinetics is attributed to the RCS-mediated 
decomposition of urea in solution bulk (i.e., homogeneous oxidation).14,31 RCSs are mobile and 
can be converted to chlorides upon reduction on a counter electrode (i.e., cathode),8,12 retarding 
the decomposition of the urea.17 This retardation effect was confirmed by a decrease in the k 
value (0.17 h−1) by a factor of 9 when the membrane between the working and counter 
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electrodes was removed and the reaction proceeded in a single cell (SC in Figure 1b).7-8 The 
Faradaic efficiency (FE) of the RCS generation in the single cell was estimated to be 30-50%. 
The RCS-mediated urea decomposition was studied in greater detail with 50 mM NaCl. 
At 1.5 VSCE, urea was completely removed in 2 h (Figure 1c), the kinetics of which was 2.6-
fold faster than that in 20 mM NaCl (k values of 4.2 and 1.6 h−1 in 50 and 20 mM NaCl, 
respectively) because of the greater chloride concentration. Total chlorine was evolved 
immediately after electrocatalysis began; its quantity reached the maximum in 4 h (Phase I: 
formation of chloro-organic compounds, including N-chlorinated urea, at ~1.4 mM), decreased 
until ~7 h (Phase II: decomposition of the chloro-organic compounds), and then increased again 
(Phase III: addition of formed free chlorine to nondecomposed chloro-organic compounds of 
~0.5 mM). This N-shaped curve is typically observed in the chlorination process, particularly 
in the case of ammonia,9,32 where the breakpoint between Phases II and III is attributed to the 
formation of free chlorine. Consistent with this hypothesis, free chlorine was detected only 
after the breakpoint, reaching the same concentration as the total chlorine. The electrocatalysis 
times for the breakpoint were slightly different among tests (Figure S5), likely because of 
differences in performance of the synthesized n-TEC electrodes; however, the overall tendency 
was the same. The TOC of urea did not change until the time (~2 h) for the completion of the 
urea chlorination and the production of approximately half the peak total chlorine (virtually 
equivalent to chloro-organic compounds in the absence of free chlorine). On the other hand, 
the TOC approached zero soon after the breakpoint (~7 h), in agreement with the evolution of 
free chlorine. Although ammonia is a typical intermediate in the urea decomposition and nitrate 
is often found as a final decomposition product of ammonia,14,17,33 neither ammonia nor nitrate 
was found even after prolonged electrocatalysis beyond the time of zero TOC. Ammonia 
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appears to be transient and/or present at concentrations below the detection limit. The reaction 
mechanism is discussed in detail in the Supporting Information (Figure S6). 
 As a cathode, Bi was electrodeposited onto Cu foils. As-synthesized Bi samples 
showed a highly crystallized rhombohedral structure (Figure S7). Notably, they displayed a 
highly porous structure with ~50 m-pores due to the H2 bubble formation during the reductive 
synthesis, whereas the main framework of Bi has a dendrite-like configuration (Figure 1a inset; 
see Figure S8 for more images). This structure should be beneficial for mass transfer at gas–
liquid–solid interfaces. For the CO2RR, bicarbonate (HCO3−) is widely used because of its 
buffering effect and some synergistic effects.23-24,29,34 However, the present study used NaOH 
(0.1 M, pH ~12.8) since the solution pH was previously found to increase to ~13 owing to 
proton-coupled cathodic reactions as Na+ was accumulated during electrodesalination 
processes.14 When CO2 was purged, the solution pH decreased to ~6.7 (Figure 1d inset) 
because of consumption of hydroxide (CO2 + OH−  HCO3−). The Bi electrodes showed an 
Eon of ca. −1.1 VSCE (i.e., −0.46 VRHE) (Figure 1a) and produced formate with a Faradaic 
efficiency (FE) of >90% at E = −1.5 VSCE (Figure 1d). This activity is comparable to those 
reported in the literature.35-36 However, coupling the CO2RR and the anodic reaction (i.e., COR) 
requires an overall voltage 2.5 V. To reduce the Eon of the CO2RR, K2SO4 was added onto 
NaOH. K2SO4 is a low-cost, noncarbonaceous chemical (i.e., no carbon source for formate); in 
addition, the K+ ion can promote the CO2RR because it is larger than the Na+ ion.37-38 With the 
addition of K2SO4, the Eon shifted to ca. 0.9 VSCE and formate production was enhanced 
(Figure 1d). However, the FE was slightly decreased to ~80% because of the low pH of 5.5–
6., which decreased the fraction of HCO3− beneficial for the CO2RR.39-40  
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Desalination-Coupled Electrocatalysis 
 The electrocatalytic redox reactions with n-TEC and Bi electrode pairs were coupled 
with the desalination process of saline water (NaCl 0.171 M or 10 g L−1) by placing the 
desalination cell (DS) between an anode cell (AN with 2 mM urea) with the n-TEC and a 
cathode cell (CA with 2 mM K2SO4) with the Bi (Scheme 1a). To evaluate the anodic reactions 
in the three-cell (batch-type) stack, a constant potential of 1.5 VSCE (Ea) was applied to the n-
TEC (as a working electrode; hence Bi functioned as a counter electrode and virtual cathode) 
(Figure 2a). I was trace in the initial stage of ~2 h and gradually increased with time; the rate 
of increase in I was greater with time, suggesting that the reaction accelerated. The I reached a 
plateau at ~9 mA in ~13 h and then suddenly decreased to zero at ~17 h (shutdown point). 
Meanwhile, the overall stack voltage (i.e., potential difference between n-TEC and Bi 
electrodes; Estack) was maintained at 2.5 V and abruptly increased beyond the voltage limit (12 
V) of the multimeter in ~17 h. During this process, ions (Cl− and Na+) in the desalination cell 
were transported to the anode and cathode cells, respectively (Figure 2b). The equal Cl− in 
the anode cell and desalination cell confirmed the quantitative transport of chloride from the 
desalination cell to the anode cell (the same was true for Na+). Notably, the Cl− was trace in 
the initial stage and accelerated with time. The similar time profiles of Cl− and I suggest that 
the ion transport was attributable solely to I (i.e., an electrochemical process) and that the trace 
I in the initial stage resulted from low ionic concentrations in the anode and cathode cells. The 
ion transport efficiency (ITE) of ~100% confirms this hypothesis. As the ionic concentration 
decreases in the desalination cell and increases in the anode and cathode cells, the overall 
solution conductivity should change with time. At the shutdown point (~17 h), the chloride 
concentrations in the desalination cell and anode cell were ~7.65 mM and ~109 mM, 
Page 13 of 33
ACS Paragon Plus Environment
ACS Sustainable Chemistry & Engineering
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
14 
 
respectively, indicating that the process shutdown was attributable to the low conductivity in 
the desalination cell. The pH of the saline water remained unchanged at pH ~6 (Figure S10). 
 During the first 2 h, the urea concentration changed insignificantly (Figure S11) 
because of the trace Cl− (~50 mol; 1.7 mM). However, after 4 h (Cl− ≈ 150 mol; 5.0 mM), 
>80% of the urea was decomposed; in 8 h, virtually all of the urea was decomposed. The total 
chlorine then reached a plateau and decreased to coincide with the free chlorine in ~14 h, while 
the FE of the RCS generation was ~15%. The TOC began to decrease before the plateau of the 
total chlorine production and became zero as the amounts of total and free chlorines became 
similar. Neither ammonia nor nitrate was found beyond 18 h. These behaviors of urea, total and 
free chlorines, and TOC were the same as in the electrolysis of urea presented in Figure 1c. 
 In contrast to the anodic reaction, the CO2RR with the desalination occurred differently 
from that without the desalination (Figure 1d vs. 2c). The formate production with desalination 
was trace, and its FE was poor (~10%) until ~9 h. Despite an increase in the FE to ~40% in the 
late stage, the low activity persisted until ~90% desalination of saline water (0.171 M NaCl). 
The cathode potential (Ec, estimated by subtracting Ea from Estack) varied between −1.5 and 
−1.8 VSCE, which was sufficient to drive the CO2RR. Accordingly, the poor CO2RR should be 
attributed to the catholyte, not the cathode potential. Most of the CO2 was apparently 
hydrolyzed to bicarbonate (HCO3−) in the initial stage; the formation of HCO3− consumed 
hydroxide ions and decreased the catholyte pH (Figure 2d). After the pH reached ~7 in ~12 h, 
the purged CO2 participated in the reduction reaction on the Bi. Given the solubility of CO2 in 
aqueous solutions (~33 mM), the bicarbonate formed from the purged CO2 should enhance the 
catholyte conductivity as well as catalyze the CO2RR.  
For a controlled CO2RR, a constant potential of −1.5 VSCE was applied to the Bi 
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electrode (as a working electrode; hence n-TEC functioned as a counter electrode and virtual 
anode) as the catholyte (0.1 M K2SO4) was purged with CO2 (Figure 2e). The increase in 
conductivity of electrolytes resulted in several positive effects. First, the overall performance 
of the stack was improved, with a constant I of ~6 mA. Accordingly, the formate production 
started immediately after the electrolysis (i.e., no induction period) and an FE >90% was 
maintained (Figure 2c). Second, the shutdown time of the device was ~13 h, indicating that 
less time was required for the complete desalination (Figure 2a vs. 2e). In consistent to this, 
the time for zero conductivity (i.e.,  < 500 S cm−1) of saline water decreased from 20 h (2 
mM K2SO4) to 14 h (0.1 M K2SO4) (Figure 2f). Finally, the decomposition of urea occurred 
without delay because of faster chloride transport from the desalination cell to the anode cell 
(Figure 2f).    
 
Off-Grid Desalination with Urine Remediation and CO2 Reduction  
 Although the aforementioned batch-type three-cell stack was used to successfully 
demonstrated a simultaneous operation of the three independent processes, the specific energy 
consumption (SEC) for the 50% desalination (~9.0 kWh m−3) was estimated to be much higher 
than that of state-of-the-art reverse osmosis desalination (~1.8 kWh m−3).4 The contributions 
of the energy saved for water treatment and the energy gain by chemicals (e.g., H2) to the SEC 
were estimated to be beneficial (~0.12 and 1 kWh m−3, respectively).14 To reduce the SEC, we 
designed an expandable flow-type stack with desalination cell arrays (Scheme 1b).41 For 
comparison, a DC voltage of 3.5 V (i.e., EDC = 3.5 V) was applied on the basis of the batch-
type stack performance (Figure S11). The overall process tendency for 1-DS was similar to the 
batch-type in terms of the time-profiled changes in I, ionic concentration (proportional to ) in 
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the desalination cell, and urea decomposition in the anolyte, leading to an SEC of ~10 kWh 
m−3 for 50% desalination (Figure 3a). With increasing DS number, I values were substantially 
reduced because of proportional increases in the device resistance resulting from membrane 
(resistance of each membrane: max. 40 /sq) and distance between the anode and cathode 
(Figure S12). Despite the reduced I values, the decrease in  of the saline water (i.e., the degree 
of desalination) became faster with increasing DS number (Figure 3b) because of an enlarged 
interface between the desalination cell and the concentration cell. As a result, the ITE increased 
from ~97% to ~270 and ~450% for 3- and 5-DS, respectively (Figure 3b inset), and the SEC 
substantially decreased to ~3 and ~1.9 kWh m−3, respectively. A slight decrease in the 
normalized ITE with 3- and 5-DS (270%/3 = 450%/5 = 90%) was attributed to the slow 
intercell ion transport. However, the urea decomposition rate in the anolyte was nearly 
unaltered (k ~ 0.69, 0.73, and 0.76 h1 for 1-, 3-, and 5-DS, respectively) (Figure 3a inset) 
because i) the urea decomposition proceeded predominantly by RCSs and ii) the rate of 
chloride transport to the anode cell was not strongly influenced by the number of DS (i.e., the 
similar normalized ITE values). 
The as-fabricated stack with 5-DS was connected with a commercially available, low-
cost monocrystalline Si PV cell for stand-alone operation of the overall process. To match the 
power required for the 5-DS stack (3.5 VDC and max. ~5 mA cm−2; see Figure 3a), the 
employed PV (power conversion efficiency of ~18%; see Figure 3c inset) was re-sized. Three 
different conditions were considered (denoted as Cases A, B, and C). In Case A (2 mM urea / 
10 g L−1 NaCl / 2 mM K2SO4 as an anolyte, saline water, and catholyte, respectively), coupling 
the PV and the n-TEC/Bi electrode pair resulted in an Estack of ~4.2 V, which then decreased to 
~3.9 V (Figure 3c). I changed with time following a volcano-fashion with peak at ~6 mA in 
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~3.5 h, which is similar to the corresponding plot for the DC-powered system (Figure 3a). The 
conductivity of saline water in the desalination cell decreased monotonically with time, 
reaching ~8.7 mS cm−1 (50% desalination) and ~0.5 mS cm−1 in ~5 and ~9 h, respectively 
(Figure 3d). The decomposition of urea was completed in 3 h without production of any N-
compound (ammonia or nitrate) during prolonged electrocatalysis (Figure S13). All of these 
behaviors were the same as those for the DC-powered system, indicating the successful 
operation with a PV under simulated sunlight (AM 1.5; 100 mW cm−2). The SEC of the PV 
system (~2 kWh m−3) was similar to that of the DC-powered 5-DS stack (~1.9 kWh m−3).  
Finally, the PV-hybrid stack was tested for human urine decomposition and 
simultaneous seawater desalination (Case B: urine / seawater (36 g L−1) / 2 mM K2SO4 as the 
anolyte, saline water, and catholyte, respectively). The overall tendency of Case B was the 
same as that of Case A. However, Case B showed a larger I with a smaller Estack (Figure 3c) 
because of the higher solution conductivities in the anolyte and saline water. The solution 
conductivity of seawater decreased linearly with time, and its rate of decrease was nearly the 
same as that in Case A (Figure 3d). In Case C (urine with 0.1 M K2SO4 / seawater (36 g L1) / 
0.1 M K2SO4 with CO2 purging, as an anolyte, saline water, and catholyte, respectively), 
stabilized I and Estack were obtained from the initial stage, whereas the desalination rate was 
nearly the same as that of Case B (except for the initial period to ~5 h). A comparison of Cases 
A, B, and C indicates that the desalination proceeds solely via the electrochemical process and 
that the effect of the solution conductivity difference on the ion transport was insignificant. The 
advantage of the concentrated electrolytes (Case C) is accelerated ion transport even in the 
initial stage. This promoted the COR and urea decomposition in the anode cell (Figure S14), 
and led to linear production of formate in the cathode cell at a Faradaic efficiency close to ~100% 
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(Figure 3e). The production of ammonia in Case C appears to result from a higher 
concentration of urea ([urea in urine]0 ~33 mM) than the concentration of RCSs (Figure S15). 
The coupling of the COR and the CO2RR enabled us to estimate a solar-to-formate energy 
conversion efficiency of ~7% in the initial stage and ~5% in the final stage (see Supporting 
Information). In addition, the overall solar-to-desalination (STD) device efficiency for Case A 
was estimated to gradually increase from ~4% in the initial stage to ~10% in 5–6 h (50% 
desalination), reaching ~9% at nearly 100% desalination ( = 0.5 mS cm−1 in ~9.43 h; Figure 
3f). The STD efficiency of Case C was highest at ~16% in the initial stage and decreased to 
~13% in the final stage, similar to the STD efficiency of Case B. These results indicate the 
present device can use a maximum of ~90% of PV electricity for the operation of triple-hybrid 
reactions. 
  
Conclusions 
We developed a multicell stack desalination device composed of an anode cell for the 
chloride oxidation reaction, cathode cell for the CO2 reduction reaction, and desalination cells 
(with concentration cells). In the electrocatalytic remediation of urea (in urine) as a model water 
pollutant, double-layered n-TEC electrodes converted chloride into RCSs that efficiently 
mediate the urea oxidation. As the TOC of urea decreased, neither ammonia nor nitrate was 
identified as a byproduct, indicating the virtual mineralization of urea and its chlorinated 
intermediates into CO2 and N2. Concurrent with the anodic reaction, the as-synthesized porous 
Bi electrodes produced formate at a Faradaic efficiency greater than 90%. When the n-TEC 
and Bi pair were coupled in desalination/concentration cell arrays in the configuration of an 
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expandable flow-type stack, the three independent processes (desalination, urea decomposition, 
and formate production) synergistically proceeded at a specific energy consumption of ~1.9 
kWh m−3 for 50% desalination. Such hybrid processes were successfully operated upon 
coupling with a low-cost PV, leading to a maximum overall solar-to-desalination device 
efficiency of~16% and to a maximum solar-to-formate energy conversion efficiency of ~7%. 
The uniqueness of the as-designed system is that the kinetics of the urea decomposition is 
independent of the reactor configuration, whereas the overall ion transport efficiency increases 
almost linearly with the number of desalination cells. Furthermore, the catholyte is found to be 
used as a CO2 capturing solution in which formate as a value-added chemical is simultaneously 
produced at high Faradaic efficiency. This hybrid system can be applied to seaside towns 
suffering from limited access to drinking water and water reuse systems, as well as to CO2-
emitting facilities located in coastal areas (e.g., coal-fired power plants discharging low-salinity 
wastewater used for/by residents and seawater used as a heat-exchanging water, and emitted 
CO2). 
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Scheme Caption 
Scheme 1. Schematic of the desalination–electrocatalysis hybrid systems ((a) DC-powered 
batch-type stack with one desalination cell and (b) PV-coupled flow-type stack with five 
desalination cells). In (a), an n-TEC (Ti/IrxTa1−xOy/TiO2) anode and porous Bi cathode are 
placed in two different cells and saline water is placed in a middle cell (i.e., desalination cell). 
An electrical bias initiates the desalination, transporting anions (i.e., chloride) from the 
desalination cell to the anode cell via an anion-exchange membrane (AEM) and cations (i.e., 
sodium) to the cathode cell via a cation-exchange membrane (CEM). As the chloride is 
gradually enriched in the anolyte, the n-TEC anode oxidizes chloride to reactive chlorine 
species (RCS), which mediate the decomposition of urine in the anolyte. Similar to the anodic 
process, the accumulation of sodium ions in the catholyte increases the solution conductivity 
and simultaneously produces NaOH at pH 13. When the catholyte is purged with CO2, the 
catholyte pH decreases to ~7 and formate is produced via the CO2 reduction reaction. In (b), 
desalination cells are connected to each other and the saline water is circulated within them. As 
the desalination proceeds, ions are accumulated in the cells (i.e., concentration cells) located 
between each two desalination cells (hence, #concentration cells = #desalination cells − 1). The 
concentration cells are connected to each other. In principle, the transfer of one electron via an 
electrical circuit induces the transport of a number of ions equal to the number of desalination 
cells. Note that the initial salinity of the desalination cell and the concentration cell is the same 
before the reaction. 
 
Figure Captions 
Figure 1. (a) Linear sweep voltammograms of as-synthesized n-TEC electrodes in aqueous 
solutions of NaCl and NaClO4 (each 20 mM) and of Bi foam electrodes in aqueous solutions 
of NaOH (0.1 M) and NaOH + K2SO4 (each 0.05 M) purged with CO2 (at equilibrated pH 
values of ~6.7 and ~5.5, respectively; see Figure 1d inset). The upper inset shows a cross-
sectional SEM image and the elemental mappings of n-TEC (see Figure S1 for more details of 
the surface characterization of n-TEC); the bottom inset displays the SEM images (top view) 
of Bi foams. (b) Electrocatalytic decomposition of urea (2 mM) in aqueous NaCl and NaClO4 
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electrolytes (each 20 mM) using n-TEC electrodes maintained at 1.5–1.9 V vs. SCE. See 
Figure S4 for more data. (c) Bulk electrolysis of urea (2 mM) using n-TEC at E = 1.5 V vs. 
SCE in aqueous NaCl (50 mM) and simultaneous time changes of (total and free) chlorines and 
TOC. (d) Electrocatalytic formate production from CO2 and the corresponding Faradaic 
efficiencies (FEs) (inset: changes in pH during electrocatalysis) using Bi foam electrodes at 
−1.5 V vs. SCE in CO2-purged aqueous solutions of NaOH (0.1 M) and NaOH + K2SO4 (each 
0.05 M). 
 
Figure 2. Desalination–electrocatalysis hybrid reactions using n-TEC anode and Bi cathode 
pairs in three-cell (batch-type) stacks (see Scheme 1a). (a) Time-profiled changes in the current 
(I), potential (vs. SCE; Ea for the anode and Ec for the cathode), and the stack voltage (Estack). 
The n-TEC anode (with 2 mM urea) was maintained at 1.5 V vs. SCE, and the potential biased 
to the Bi cathode (with 2 mM K2SO4 purged with CO2) was estimated from the difference 
between the Estack and the Ea. An aqueous solution of NaCl at 0.171 M (10 g L−1) was used as 
saline water. (b) Changes in the amounts of ions (Cl− and Na+) in the anode cell (AN, 30 mL), 
cathode cell (CA, 30 mL), and desalination cell (DS, 20 mL) during the hybrid reactions of 
Figure 2a. In addition, the ion transport efficiency (ITE) was estimated for Cl− and Na+. See 
Figure S11 for the changes in the concentrations of urea, total chlorine, free chlorines, and 
TOC as functions of time. (c) Formate production and its Faradaic efficiency in the cathode 
cell with 2 mM and 0.1 M K2SO4 purged with CO2 (conditions in Figure 2a and 2e, 
respectively). (d) pH changes in catholytes containing 2 mM K2SO4 with and without CO2 
purging. (e) Changes in the current (I), potentials (vs. SCE; Ea for the anode and Ec for the 
cathode) and the stack voltage (Estack) as functions of time. The Bi cathode (with 0.1 M K2SO4 
purged with CO2) was maintained at −1.5 V vs. SCE, whereas the potential at the n-TEC anode 
(with 2 mM urea + 0.1 M K2SO4) was estimated by difference between the Estack and the Ec. 
An aqueous solution of NaCl at 0.171 M (10 g L−1) was used as saline water. (f) Saline water 
conductivity () in the desalination cell and urea concentration in the anode cell under the 
conditions in Figure 2a and 2e. 
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Figure 3. (a and b) Electrodesalination–electrocatalysis hybrid reactions in a DC-powered 
multidesalination cell-stack with n-TEC anode and Bi cathode pairs at 3.5 VDC. 1-, 3-, and 5-
DS represent the numbers of desalination cells. Anolyte: 2 mM urea; catholyte: 2 mM K2SO4; 
desalination cell: 0.171 M NaCl. Time-profiled changes in (a) current and (b) solution 
conductivity () of the saline water with different numbers of desalination cells are shown. The 
insets in (a) and (b) show the change in urea concentration with time and the averaged ion 
transport efficiency (ITE), respectively. The numbers on the current profiles in (a) refer to the 
specific energy consumption (SEC, kW m−3) for 50% desalination. (c–f) Three case operations 
of a PV-coupled 5-DS stack device (see Scheme 1b). Case A: 2 mM urea / 0.171 M NaCl / 2 
mM K2SO4. Case B: Urine (1/10-diluted) / seawater (36 g L−1) / 2 mM K2SO4. Case C: Urine 
(1/10-diluted) with 0.1 M K2SO4 / seawater (36 g L−1) / 0.1 M K2SO4. (c) Time-profiled 
changes in current and voltage of the device (inset: IV curve of the employed PV; area of 1.75 
cm2, ISC of ~6.23 mA cm−2, VOC of ~4.3 V, fill factor of ~67%, and power conversion efficiency 
of ~18%). (d) Changes in the conductivity of saline water and ITE (inset). (e) Formate 
production and Faradaic efficiency. (f) Solar-to-desalination efficiency.
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Scheme 1. Schematic of the desalination–electrocatalysis hybrid systems ((a) DC-powered 
batch-type stack with one desalination cell and (b) PV-coupled flow-type stack with five 
desalination cells). In (a), an n-TEC (Ti/IrxTa1−xOy/TiO2) anode and porous Bi cathode are 
placed in two different cells and saline water is placed in a middle cell (i.e., desalination cell). 
An electrical bias initiates the desalination, transporting anions (i.e., chloride) from the 
desalination cell to the anode cell via an anion-exchange membrane (AEM) and cations (i.e., 
sodium) to the cathode cell via a cation-exchange membrane (CEM). As the chloride is 
gradually enriched in the anolyte, the n-TEC anode oxidizes chloride to reactive chlorine 
species (RCS), which mediate the decomposition of urine in the anolyte. Similar to the anodic 
process, the accumulation of sodium ions in the catholyte increases the solution conductivity 
and simultaneously produces NaOH at pH 13. When the catholyte is purged with CO2, the 
catholyte pH decreases to ~7 and formate is produced via the CO2 reduction reaction. In (b), 
desalination cells are connected to each other and the saline water is circulated within them. As 
the desalination proceeds, ions are accumulated in the cells (i.e., concentration cells) located 
between each two desalination cells (hence, #concentration cells = #desalination cells − 1). The 
concentration cells are connected to each other. In principle, the transfer of one electron via an 
electrical circuit induces the transport of a number of ions equal to the number of desalination 
cells. Note that the initial salinity of the desalination cell and the concentration cell is the same 
before the reaction. 
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Figure 1. (a) Linear sweep voltammograms of as-synthesized n-TEC electrodes in aqueous 
solutions of NaCl and NaClO4 (each 20 mM) and of Bi foam electrodes in aqueous solutions 
of NaOH (0.1 M) and NaOH + K2SO4 (each 0.05 M) purged with CO2 (at equilibrated pH 
values of ~6.7 and ~5.5, respectively; see Figure 1d inset). The upper inset shows a cross-
sectional SEM image and the elemental mappings of n-TEC (see Figure S1 for more details of 
the surface characterization of n-TEC); the bottom inset displays the SEM images (top view) 
of Bi foams. (b) Electrocatalytic decomposition of urea (2 mM) in aqueous NaCl and NaClO4 
electrolytes (each 20 mM) using n-TEC electrodes maintained at 1.5–1.9 V vs. SCE. See 
Figure S4 for more data. (c) Bulk electrolysis of urea (2 mM) using n-TEC at E = 1.5 V vs. 
SCE in aqueous NaCl (50 mM) and simultaneous time changes of (total and free) chlorines and 
TOC. (d) Electrocatalytic formate production from CO2 and the corresponding Faradaic 
efficiencies (FEs) (inset: changes in pH during electrocatalysis) using Bi foam electrodes at 
−1.5 V vs. SCE in CO2-purged aqueous solutions of NaOH (0.1 M) and NaOH + K2SO4 (each 
0.05 M). 
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Figure 2. Desalination–electrocatalysis hybrid reactions using n-TEC anode and Bi cathode 
pairs in three-cell (batch-type) stacks (see Scheme 1a). (a) Time-profiled changes in the current 
(I), potential (vs. SCE; Ea for the anode and Ec for the cathode), and the stack voltage (Estack). 
The n-TEC anode (with 2 mM urea) was maintained at 1.5 V vs. SCE, and the potential biased 
to the Bi cathode (with 2 mM K2SO4 purged with CO2) was estimated from the difference 
between the Estack and the Ea. An aqueous solution of NaCl at 0.171 M (10 g L−1) was used as 
saline water. (b) Changes in the amounts of ions (Cl− and Na+) in the anode cell (AN, 30 mL), 
cathode cell (CA, 30 mL), and desalination cell (DS, 20 mL) during the hybrid reactions of 
Figure 2a. In addition, the ion transport efficiency (ITE) was estimated for Cl− and Na+. See 
Figure S11 for the changes in the concentrations of urea, total chlorine, free chlorines, and 
TOC as functions of time. (c) Formate production and its Faradaic efficiency in the cathode 
cell with 2 mM and 0.1 M K2SO4 purged with CO2 (conditions in Figure 2a and 2e, 
respectively). (d) pH changes in catholytes containing 2 mM K2SO4 with and without CO2 
purging. (e) Changes in the current (I), potentials (vs. SCE; Ea for the anode and Ec for the 
cathode) and the stack voltage (Estack) as functions of time. The Bi cathode (with 0.1 M K2SO4 
purged with CO2) was maintained at −1.5 V vs. SCE, whereas the potential at the n-TEC anode 
(with 2 mM urea + 0.1 M K2SO4) was estimated by difference between the Estack and the Ec. 
An aqueous solution of NaCl at 0.171 M (10 g L−1) was used as saline water. (f) Saline water 
conductivity () in the desalination cell and urea concentration in the anode cell under the 
conditions in Figure 2a and 2e. 
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Figure 3. (a and b) Electrodesalination–electrocatalysis hybrid reactions in a DC-powered 
multidesalination cell-stack with n-TEC anode and Bi cathode pairs at 3.5 VDC. 1-, 3-, and 5-
DS represent the numbers of desalination cells. Anolyte: 2 mM urea; catholyte: 2 mM K2SO4; 
desalination cell: 0.171 M NaCl. Time-profiled changes in (a) current and (b) solution 
conductivity () of the saline water with different numbers of desalination cells are shown. The 
insets in (a) and (b) show the change in urea concentration with time and the averaged ion 
transport efficiency (ITE), respectively. The numbers on the current profiles in (a) refer to the 
specific energy consumption (SEC, kW m−3) for 50% desalination. (c–f) Three case operations 
of a PV-coupled 5-DS stack device (see Scheme 1b). Case A: 2 mM urea / 0.171 M NaCl / 2 
mM K2SO4. Case B: Urine (1/10-diluted) / seawater (36 g L−1) / 2 mM K2SO4. Case C: Urine 
(1/10-diluted) with 0.1 M K2SO4 / seawater (36 g L−1) / 0.1 M K2SO4. (c) Time-profiled 
changes in current and voltage of the device (inset: IV curve of the employed PV; area of 1.75 
cm2, ISC of ~6.23 mA cm−2, VOC of ~4.3 V, fill factor of ~67%, and power conversion efficiency 
of ~18%). (d) Changes in the conductivity of saline water and ITE (inset). (e) Formate 
production and Faradaic efficiency. (f) Solar-to-desalination efficiency.
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This study presents a solar desalination system accompanying electrocatalytic oxidations of 
desalted chloride and production of formate from captured CO2. 
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 This study presents a solar desalination system accompanying electrocatalytic oxidations of desalted chloride 
and production of formate from captured CO2. 
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